INTRODUCTION
Amorphous diamond has shown promise as an alternative to polysilicon for surface micromachined MEMS and sensors. Improved wear resistance, stiction, strength and fracture toughness have been reported. Deposition techniques developed at Sandia have allowed true MEMS devices to be fabricated. Several authors have published mechanical properties extracted from indentation testing for similar materials. A direct testing technique, developed to characterize the strength and distribution in properties of polysilicon, was applied to measure the strength and modulus of samples of amorphous diamond having dimensions typical of critical features of MEMS devices. This technique will be described as well as the results for the amorphous diamond MEMS. The results will be compared to indentation results on material from the same die.
EXPERIMENT

Material Description
Recent work [1, 2] has shown that thermally stable, stress-free, smooth, hard, and stiff amorphous-diamond films can be grown using pulsed laser deposition at room temperature followed by a brief anneal at 600"C. Layers 1 pm thick were built up by depositing 4 layers of amorphous diamond (-0.25~m thick) by repeated deposition and annealing in situ. The films were than post annealed in a vacuum furnace (550 'C for -60 hrs) until the residual stress (as measured by wafer curvature) was reduced to near zero ( <10 MIPa). The tensile properties of these films are expected to approach those of natural diamond, but they have not been directly measured. Amorphous diamond MEMS structures were patterned using contact lithography on silicon wafers that were prepared with a 2 pm blanket layer of SiOz, 60 nm of polysilicon for adhesion and 1 pm of amorphous diamond.
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Direct Tensile Testing
Direct tensile measurements on structural thin films are challenging. A technique to perform automated testing has been developed that utilizes the lateral force capabilities of a nanoindenter to measure the small forces and displacements. Typical samples produced from polysilicon incorporate a freely rotating hub on the fixed end of the sample to avoid bending stresses on the sample [3, 4] . Two designs were attempted in amorphous diamond, a single layer sample utilizing a timed release of the underlying oxide, and a two layer structure with a patterned oxide between the two amorphous diamond layers. Difficulty in fabrication limited the ;amples to the former, simpler, style. Double ended "dog bone" shaped samples were used, where one end is attached to the silicon die via a layer of SiOz. The mask was designed so that the fixed ends would not release during a timed etch of sufficient duration to release the gage section and the ring used to engage the nanoindenter. The sample widths and lengths were measured in an SEM and compared to a calibration standard. The thickness was measured using a profilometer.. For this group of samples, w =2.25 pm and t = 1.02 pm. The raw load-displacement data is processed in two steps to evaluate the strength and modulus of the material. First, a force balance is solved to correct for the losses due to the frictional sliding of the tip along the substrate. The diamond tip is a flat-bottomed cone with an included angle, 20, of 59°. The normal force, N, and lateral force, L, are recorded and must be resolved into the tensile force on the sample, T, the reaction due to the tip angle normal to the surface, N,, and the frictional losses, U
Secondly, the measured displacement must be corrected for machine compliance. The total measured compliance is the sum of the machine compliance (including grips, etc) and the compliance due to the tensile gage length. Testing samples with identical cross sectional
, dimensions and several lengths provides a simple and accurate way to evaluate the machine compliance [5, 6] .
K~,,tineis evaluated from the intercept of a linear least squares fit of l&~P versus sample length. The modulus is determined from K~,~e,the sample gage length and the cross sectional area:
RESULTS
The mean strength and standard deviation for the 28 samples tested is 8.5 & 1.4 GPa. Because the shortest samples had the largest error in the modulus measurements (there was little difference between the machine compliance and the total compliance), they were not considered when calculating the average. The average modulus for the 18100-and 500-~m long samples is 831 &94 GPa. Figure 2 depicts the strength and modulus for all the samples plotted as a function of length, the average is constant, which is expected. " Since the reliability of brittle materials is governed by the probability of finding a critical size defect, the strength data is examined using a statistical approach. Weibull analysis [7] of strength was performed. While 28 data points are sufficient to calculate the distribution, more tests will be performed to evaluate a three parameter Weibull fit that includes sample volume. A probability estimator in the form of (j-O.5)/n was chosen [8] . The data is plotted in Figure 3 . The Weibull modulus, m, was calculated to be 7.4, but the data grouped into several strength levels which suggests that multiple failure modes were operative. These different failure modes could result from several sources: defects in film deposition, errors in lithography, errors in testing, etc. Post mortem examination of the samples did not reveal a pattern. 
Nanoindentation
Nanoindentation experiments were conducted on the amorphous diamond film using a Berkovitch tip indenter. Great care was taken to calibrate the tip area function prior to the thin film testing; the first term of the optimization was not constrained, all nine terms of the polynomial fit were calculated based on the fused silica data. 10 indents were performed at a constant strain rate (constant load/load rate) to a depth of 250 nrn. The data was averaged into bins, according to depth, in 5 nm increments. Figure 4 (a) depicts the average load-displacement curve. The minimal difference between the loading and unloading curves indicates that there is little plastic deformation. Figure 4 (b) and (c) are the hardness and modulus as a function of depth found using the conventional Oliver-Pharr analysis [9] . Considering the data at 150 nm depth, the hardness is 65 &7 GPa. The peak value for modulus is 500 & 100 GPa. Indentation testing of amorphous diamond is prone to error since the material approaches the hardness of the diamond tip. The load-displacement data can be modeled to account for the substrate and tip compliance, as is done with a 2-D ABAQUS model in [10] . The calculated hardness is 84 &4 GPa and the calculated modulus is 980 &34 GPa [11] .
DISCUSSION
Direct measurements of the properties of amorphous diamond MEMS have shown that the tensile strength and modulus are significantly higher than those of polysilicon, the current standard material for surface micromachined MEMS. The mean strength is twice that reported for polysilicon produced at Sandia and measured with the same technique as described in this paper. The mean strength is 2 to 5 times that reported for polysilicon from other sources and using other test techniques [12] . The modulus is much higher, five times that of polysilicon and is about 20% less than that expected for cubic diamond (-1020 GPa) [13] . While there is much experience in producing high quality polysilicon, amorphous diamond is still at an experimental level. As is typical in the semiconductor fabrication industry, deposition and lithography defects will be reduced and the measured strength is expected to increase as fabrication techniques continue to improve.
